Chinese dyslexics show neural differences in morphological processing  by Liu, Li et al.
Developmental Cognitive Neuroscience 6 (2013) 40– 50
Contents lists available at ScienceDirect
Developmental Cognitive  Neuroscience
j our na l ho me  pa g e: h t tp : / /www.e lsev ier .com/ locate /dcn
Chinese  dyslexics  show  neural  differences  in  morphological
processing
Li  Liua,  Ran  Taoa,  Wenjing  Wanga,  Wenping  Youb, Danling  Penga,∗∗,
James  R.  Boothc,∗
a State Key Laboratory of Cognitive Neuroscience and Learning, Beijing Normal University, Beijing 100875, PR China
b Key Laboratory of Behavioral Science, Institute of Psychology, Chinese Academy of Sciences, Beijing 100101, PR China
c Department of Communication Sciences and Disorders, Northwestern University, Evanston, IL 60208, United States
a  r  t i  c  l  e  i  n  f  o
Article history:
Received 22 September 2012
Received in revised form 6 June 2013
Accepted 19 June 2013
Keywords:




a  b  s  t  r  a  c  t
Previous  behavioral  studies  have  suggested  that  morphological  awareness  is impaired  in
Chinese children  with  reading  disability  (RD),  but  how  this  is reﬂected  in  brain  alterations
is not  known.  Using  functional  magnetic  resonance  imaging  (fMRI),  the  current  study  com-
pared morphological  processing  in  a RD  group  (11–13  years  old)  to an  age-matched  typically
developing  (TD)  group.  Participants  made  semantic  relatedness  judgments  to  incongruent
word  pairs  that  were  either  semantically  related  but did  not  share  a  morpheme  or semanti-
cally unrelated  but  did share a  morpheme.  This  was compared  to  conditions  where  semantic
relatedness  and  morphemic  information  was  congruent.  A  smaller  incongruency  effect  was
found in left  dorsal  posterior  (BA9)  and  ventral  anterior  (BA47)  inferior  frontal  gyrus (IFG)
in the RD  compared  to the TD,  suggesting  that  the  RD is  less  sensitive  to  morphological
information.  This  was  a speciﬁc  deﬁcit  as a phonological  control  task  that  manipulated
congruency  between  orthography  and  phonology  did  not  show  group  differences  in  the
IFG. Moreover,  brain  activation  in  the  IFG  for the incongruency  effect  in  the  semantic  task
was  negatively  correlated  with  reading  skill  for the  RD  group  only,  suggesting  that  higher
skill  children  with  RD  may  rely  on  a compensatory  whole-word  strategy  by ignoring  the
morphemic  information.1. Introduction
Dyslexia is deﬁned as a reading difﬁculty which can-
not  be accounted by poor intelligence or lacking sufﬁcient
education. Estimates of the dyslexia prevalence in children
in  Mainland China range from 4.5% to 8.0% (Zhang et al.,
1996).  Chinese children with dyslexia consistently demon-
strate  difﬁculties in reading and writing Chinese characters
and  words (Ho et al., 2004; Shu et al., 2003).
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In modern Chinese, 95% of the commonly used words
are  compounds composed of two or more morphemes
(Zhang, 2011). For example, different kinds of alcohol in
Chinese  are written as (beer), (liquor),
(wine), etc. These words do not share any orthographic
or phonological similarity in English, however in Chinese
those  words share an identical morpheme , which is
pronounced /jiu3/ (number indicates tone) and means
‘alcohol’. At the character level, the majority of Chinese
characters are composed of a semantic radical and a phono-
logical  radical. For example, (river), (lake), (ocean),(wine) and (thirsty) all share an identical morpheme
(the semantic radical ‘ ’, which means water). Due to this,
the  Chinese language has been deﬁned as a language of
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hat Chinese compound words have both morphemic and
hole-word levels of representation in the mental lexicon
Zhou  & Marslen-Wilson, 1994, 1995). In contrast, in alpha-
etic  languages, like English, morphology involves not only
ompounding, but also inﬂectional and derivational afﬁx-
tion.
Due  to the morphological nature of Chinese language,
any studies on reading development and impairment
ave suggested an important role of morphological aware-
ess  in Chinese reading. Morphological awareness refers
o  the ability to reﬂect on and manipulate morphemes
nd word formation rules in a language (Kuo and
nderson, 2006). Some studies reported that morpho-
ogical awareness uniquely predicted Chinese children’s
eading performance for both typically developing children
nd  dyslexics even after controlling for several predictors
ncluding phonological awareness (Chung et al., 2011; Shu
t  al., 2006). Further, these studies reported that dyslexic
eaders were less competent than controls in morpho-
ogical awareness (Chung et al., 2011; Shu et al., 2006;
ong et al., 2013) and that dyslexic readers were best
istinguished from age-matched controls with tasks of
orphological awareness (Shu et al., 2006). Similarly, stud-
es  on children with a familial risk for dyslexia reported
hat compared to the controls, those with risk performed
igniﬁcantly worse on morphological awareness (McBride-
hang et al., 2008) and that measures of morphological
wareness in 5-year-olds with risk can distinguish those
ith  dyslexia from those without dyslexia at 7 years old
McBride-Chang et al., 2011).
A few neuroimaging studies have investigated the neu-
al  basis of Chinese dyslexia. Most of them have focused
n  phonological processing and have revealed structural
nd functional differences in left middle frontal gyrus (Siok
t  al., 2008, 2004). Others have investigated visuo-spatial
Siok et al., 2009) and semantic processing (Hu et al., 2010),
howing  brain differences in left intra-parietal sulcus (Siok
t  al., 2009) and in posterior middle temporal and angu-
ar  gyri (Hu et al., 2010). However, none of these studies
nvestigated morphological processing in Chinese dyslexia.
Though there have been behavioral studies suggesting
 deﬁcit in morphological awareness in Chinese dyslexia,
ow  this is reﬂected in alterations in the brain is not known.
he  goal of the current study was to investigate the brain
asis  underlying the morphological awareness deﬁcit in
hinese  dyslexia and how this was related to reading skill. A
emantic  relatedness judgment task was used that tapped
nto  morphological processing by manipulating the con-
ruency  between semantic relatedness and morphemic
verlap in pairs of words. We  expected that typically devel-
ping  readers would show sensitivity to congruency in
hat  they would show greater activation for incongruent
ompared to congruent pairs of words. Incongruent pairs
onsisted of words that were either semantically related
ut  did not share a morpheme or were not semantically
elated but did share a morpheme. Congruent pairs were
ither  words that were semantically related and shared morpheme or words that were not semantically related
nd  did not share a morpheme. If dyslexic children have a
orphological awareness deﬁcit, they should be less sensi-
ive  to morphemic information, thereby showing a smallere Neuroscience 6 (2013) 40– 50 41
incongruency effect as compared to typically developing
children. A control phonological judgment task manipulat-
ing  the congruency between orthography and phonology
was included to ensure that any group differences were
speciﬁc to morphological processing.
2. Methods
2.1. Participants
Fourteen typically developing (TD) children (M
age = 11.7 years, SD = 0.31, range from 11 to 13; 9 males)
and 14 reading disabled (RD) children (M age = 11.9 years,
SD  = 0.53, range from 11 to 13; 10 males) participated in
the  study. The participants were all in ﬁfth or sixth-grade
and were recruited from three primary schools in Beijing.
Informed consent was obtained from all participants
and informed consent procedures were approved by the
Institutional Review Board at Beijing Normal University
and Northwestern University.
Inclusionary  criteria for both TD and RD groups were:
(1)  native Chinese speakers; (2) right-handed; (3) nor-
mal  hearing and normal/corrected-to-normal vision; (4) no
neurological  disease or psychiatric disorders; (5) not tak-
ing  medication affecting the central nervous system, and
(6)  no Attention Deﬁcit Hyperactivity Disorder (ADHD).
Standardized and informal tests were administered to
examine mental and reading ability. Mental ability was
measured with the Chinese version of the Wechsler Scale
of  Intelligence for Children (WISC-R) (Wechsler, 1974).
Scoring procedures were based by local norms established
by  (Lin and Zhang, 1986). Reading ability was measured
by the Character Recognition Measure and Assessment
Scale for Primary School Children (CRM) (Wang and Tao,
1993).  CRM is a widely used standardized test for screening
Mandarin-speaking Chinese children with reading disabil-
ity.  In this test, children were asked to make words using
given  Chinese characters. The task of making words rather
than  naming characters were used because of the many
homophones in Chinese, hence correct pronunciation itself
cannot  assure the understanding character meaning. The
task  of making words in the CRM ensures an assessment
of the understanding of character meaning. The score on
this  test reﬂects how many characters a child can under-
stand among the 3500 commonly used Chinese characters.
Because there is not a standardized test for reading ﬂuency
in  Mainland China, we used an informal character reading
ﬂuency (CRF) test as in several previous studies (Siok and
Fletcher,  2001; Siok et al., 2004). The CRF consists of 135
high  frequency Chinese characters. The characters are all
from  primary school Chinese language textbooks and were
arranged  into 5 columns from easy to hard. Children were
asked  to read aloud the characters as fast and as accurately
as  possible. Reading ﬂuency was  computed as the number
of  correctly pronounced characters divided by completion
time in seconds. The CRF was  not used for screening chil-
dren  with dyslexia because it has not been standardized.RD children met  the following inclusionary criteria: (1)
Performance IQ above 90 and (2) 1.5 years below their cor-
responding grade in the CRM test. The age-matched control
children met  the following criteria: (1) Performance IQ
42 L.  Liu et al. / Developmental Cognitiv
Table 1
Demographic information, mental and reading ability for the typically
developing (TD) and reading disability (RD) groups.
TD RD p
Age (months) 140.4(3.7) 143.2(6.4) >0.05
Gender 9M 5F 10M 4F >0.05
PIQ 107.7(12.8) 103.1(8.2) >0.05
VIQ 113.8(14.2) 98.3 (14.2) <0.01
CRM (out of 3500) 2989(102) 2453(212) <0.001
CRF (character/s) 1.07(0.17) 0.63(0.21) <0.001Note: PIQ = Performance Intelligence Quotient; VIQ = Verbal Intelligence
Quotient; CRM = Character Recognition Measure; CRF = Character Reading
Fluency. Numbers in parentheses are standard deviations.
above 90 and (2) no more than 1.5 years below than their
corresponding grade in the CRM.
Table 1 presents the means and standard deviations
of the mental and reading ability tests in the TD and RD
groups for the semantic and phonological tasks. The same
children  participated in both tasks. The TD and RD groups
were  matched on age (t(26) = −1.145, p = 0.160), gender
(X2(1) = 0.164, p = 0.686) and Performance IQ (t(26) = 1.140,
p  = 0.265). There were signiﬁcant differences between
groups on both Verbal IQ (t(26) = 2.915, p = 0.007) and read-
ing  ability measures: CRM (t(26) = 8.510, p < 0.001) and CRF
(t(26)  = 6.093, p < 0.001). To rule out the inﬂuence of VIQ
difference, VIQ were co-varied out in the following group
difference analysis for both behavioral and neuroimaging
data for both tasks.
2.2.  Experimental procedure
The  semantic task: for the lexical conditions, two
two-character Chinese words were visually presented
sequentially with each word presented for 800 ms  followed
by  a 200 ms  blank interval. A red ﬁxation cross (+) appeared
on  the screen after the second stimulus was removed, indi-
cating  the need to make a response during the subsequent
interval jittered equally between 2200, 2600 and 3000 ms.
The  participants were asked to judge whether the two
Fig. 1. Examples of stimuli for the lexical conditions in the semantic task and the
or  phonetic radical.e Neuroscience 6 (2013) 40– 50
words were related in meaning. They were given examples
of  pairs to aid in their understanding of the instructions,
e.g. (blue sky) & (white clouds) are related, how-
ever, (blue sky) & (desk) are unrelated. Half of the
word pairs were semantically related and half were not. If
a  pair of words was  semantically related, the participants
were asked to press a “yes” button with the right index
ﬁnger; and if the pair of characters was  semantically unre-
lated,  the participants were asked to press a “no” button
with the right middle ﬁnger. Four lexical conditions that
independently manipulated the morphemic overlap and
semantic  relatedness information were included, resulting
in  two congruent conditions and two incongruent condi-
tions  (see Fig. 1). In the two  incongruent conditions, the
two  words either shared an identical morpheme but were
not  semantically related ((M+S−, e.g., [gift] and
[living things], sharing the same morpheme [goods]), or
did  not share a morpheme but were semantically related
(M-S+, e.g., [forest] and [beast]). In the two  con-
gruent conditions, the two words either shared an identical
morpheme and were semantically related (M+S+, e.g.,
[sing a song] and [folk song], sharing the same mor-
pheme [song]), or did not share a morpheme and were
not  semantically related (M−S−, e.g., [pearl] and ±
[nurse]).
There were two  control conditions for the lexical con-
ditions. The two  kinds of control trials were designed to
account  for activation due to visual analysis, decision mak-
ing,  and motor control in the lexical conditions. For one
control condition (‘perceptual’), two  symbols were visually
presented sequentially and the participants were asked to
judge  whether the pair of symbols was  identical or not. The
symbols  were unfamiliar to all the participants. If a pair of
symbols  (e.g., and ) was identical, the participants were
asked  to press a “yes” button with the right index ﬁnger,
and  if not (e.g., and ), the participants were asked to
press a “no” button with the right middle ﬁnger. Half of the
symbol  pairs were identical and half were not. The timing
for  a perceptual trial was  the same as for a character trial.
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or the null trials, two black ﬁxation-crosses were visually
resented sequentially with each black ﬁxation-cross pre-
ented  for 800 ms  followed by a 200 ms  blank interval. A
lue  ﬁxation cross appeared on the screen after the sec-
nd  black ﬁxation-cross was removed. Participants were
sked  to press a yes button with the right index ﬁnger when
he  second black ﬁxation-cross turned blue during the sub-
equent  interval jittered equally between 2200, 2600 and
000  ms.
The phonological task: The phonological task used the
ame  design as the semantic relatedness task. However, the
articipants  were asked to judge whether the two  char-
cters  rhymed or not. Half of the character pairs rhymed
nd half did not. If a pair of characters rhymed, partici-
ants were asked to press a yes button with the right index
nger;  if the pair of characters did not rhyme, the partici-
ants were asked to press a no button with the right middle
nger.  Four conditions independently manipulating the
rthography and phonology were included, resulting in
wo  congruent conditions and two incongruent conditions
see  Fig. 1). In the two incongruent conditions, two  charac-
ers  in a pair either shared an identical phonetic radical but
id  not rhyme (O+P−, e.g., and , sharing the phonetic
adical , pronounced as /ban4/ and /pang4/), or did not
hare  a phonetic radical but rhymed (O−P+, e.g., /chen4/
nd /zhen4/). In the two congruent conditions, two char-
cters  in a pair either shared an identical phonetic radical
nd  rhymed (O+P+, e.g., and , sharing the phonetic rad-
cal  , pronounced as /bo1/ and /po1/), or did not share a
honetic  radical and did not rhyme (O−P−, e.g., /reng2/
nd /yang2/). The two control conditions (‘perceptual’
nd ‘null’) were the same as those in the semantic task,
xcept that the symbols used in the perceptual condition
ere single symbols ( and ) because the phonological
ask involved single characters.
We  used an event-related design with four 6 min 44 s
uns  including two runs of each task. In each run, there were
8  pairs of lexical stimuli, 12 pairs of perceptual stimuli,
nd  24 pairs of null stimuli. The order of lexical and control
rials  was optimized for event-related design using OptSeq
http://www.surfer.nmr.mgh.harvard.edu/optseq).  Before
ach run, a short instruction (‘semantic task’ or ‘rhyming
ask’) was presented to indicate the coming task. The
dministration of the two tasks was counterbalanced
cross participants. In each run, there was a 12 s equilibra-
ion period at the beginning, and a 22 s period at the end
n  order to be able to deconvolve the whole hemodynamic
able 2
timuli characteristics for the semantic task.
Frequency Acquisition term Strokes 
Word 1 Word 2 Word 1 Word 2 Word 1 Word 2 
M+S+ 11.2(13.9) 11.3(12.4) 4.8(2.6) 4.8(2.3) 15.9(4.3) 15.5(4.2
M+S−  8.2(6.9) 8.0(7.5) 5.6(2.6) 5.4(2.5) 15.0(5.1) 15.3(5.9
M−S+ 11.2(9.3) 10.6(10.4) 4.9(2.3) 4.8(2.4) 15.7(4.4) 17.1(4.6
M−S− 10.3(7.5) 10.3(10.8) 5.3(2.8) 4.8(2.4) 16.5(4.3) 15.9(3.5
ote: Frequency is the number of times a word shown in Chinese language textboo
hen  a word is ﬁrst shown in Chinese language textbooks. Stroke is the sum of the 
ord  association are on a 7-point scale. M1W1  = ﬁrst morpheme of the ﬁrst wor
f  the second word; M2W2  = second morpheme of the second word.e Neuroscience 6 (2013) 40– 50 43
response function (HRF) for the last trial. Before the fMRI
scanning, a short practice was  given to the subjects to get
them  familiar with the experimental procedure and task
requirements.
2.3.  Stimulus characteristics
The  semantic task: semantic association strength
between the ﬁrst and the second word was assessed using a
7-point  scale. Thirty subjects in Beijing were asked to judge
to  what extent pairs of characters were related. An average
score  across subjects below 3 was  considered unrelated
(M = 2.05), whereas an average score over 4.5 was  con-
sidered related (M = 5.75). Semantic association strengths
between the word and their two morphemes were also
assessed using a 7-point scale in the same thirty subjects.
Only words with strong associations (M > 4) to their two
morphemes were included. A strong association between
the  morpheme and whole word meanings allowed us to
effectively examine the interaction between morpheme
and word processing.
Several  lexical variables were controlled. First, all words
were  from Chinese language textbooks for primary school.
89.1%  of the stimuli were from textbooks for Grade 1–Grade
4,  and 10.9% from Grade 5. Second, the words were matched
for  frequency, acquisition term, and strokes across the
four  lexical conditions (see Table 2). One way  ANOVAs
separately on the ﬁrst words and second words showed
no  main effect of condition for frequency, acquisition
term, or strokes. Third, conditions were matched for word
association strength separately for the yes responses and
no  responses. Two sample t-tests for word association
strength between the members of the pair revealed no
signiﬁcant differences between the two  yes response con-
ditions  or between the two  no response conditions. Fourth,
conditions were matched for morpheme-word association
strength for each word within the pair separately for the
yes  responses and no responses. 2 morpheme order (ﬁrst,
second)  by 2 condition (congruent, incongruent) ANOVAs
for  morpheme-word association strength revealed no main
effects  or interactions for the yes or no responses calculated
separately for the ﬁrst and second words.
The phonological task: several lexical variables were
controlled. First, all characters were from Chinese lan-
guage textbooks for primary school. 91.1% of the stimuli
were from textbooks for Grade 1–Grade 4, and 8.9%
from Grade 5. Second, the characters were matched for
Morpheme-word association Word association
M1W1  M2W1  M1W2  M2W2  -
) 5.3(0.7) 5.7(0.5) 5.2(0.6) 5.6(0.4) 5.7(0.5)
) 5.3(0.6) 5.1(0.6) 5.2(0.7) 5.1(0.6) 2.2(0.3)
) 5.2(0.7) 5.8(0.4) 5.5(0.8) 5.6(0.7) 5.8(0.4)
) 5.3(0.7) 5.2(0.9) 5.2(0.8) 5.3(0.7) 1.9(0.4)
ks from Grade 1 to Grade 6 in primary school. Acquisition term is the term
strokes of the two characters in a word. Morpheme-Word Association and
d; M2W1 = second morpheme of the ﬁrst word; M1W2  = ﬁrst morpheme
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Table 3
Stimuli characteristics for the phonological task.
Frequency Acquisition term Strokes Phonological consistency Orthographic consistency
Cha 1 Cha 2 Cha 1 Cha 2 Cha 1 Cha 2 Cha 1 Cha 2 Cha 1 Cha 2
O+P+ 29.8(27.6) 28.5(29.1) 5.6(2.2) 5.3(2.5) 9.7(2.2) 9.5(2.5) 0.85(0.24) 0.85(0.24) 0.27(0.21) 0.30(0.27)
O+P− 29.7(20.1) 30.1(57.2) 4.5(2.2) 5.3(2.1) 10.5(3.0) 10.3(3.3) 0.42(0.25) 0.46(0.27) 0.28(0.28) 0.27(0.20)
O−P+ 32.9(29.7) 33.3(33.1) 4.8(1.9) 5.7(2.5) 10.0(3.2) 10.6(2.5) 0.85(0.21) 0.84(0.27) 0.30(0.18) 0.30(0.17)
O−P− 33.9(34.0) 30.4(36.9) 5.1(2.4) 5.1(2.8) 10.1(2.3) 9.6(2.0) 0.42(0.24) 0.44(0.22) 0.25(0.24) 0.26(0.19)
Note: Cha = Character. Frequency is the number of times of a character shown in Chinese language textbooks from Grade 1 to Grade 6 in primary school.
Acquisition  term is the term when a character is ﬁrst shown in Chinese language textbooks. Stroke is the sum of the strokes in a character. Phonological
(orthographic) consistency was computed as the ratio of phonological (orthographic) friends to the sum of phonological (orthographic) friends and enemies
uage tex
nt pronu
gical ra(i.e.  friends/(friends + enemies)) based on the characters in Chinese lang
the  number of characters with the same phonological radical but differe
number  of characters with the same pronunciation but different phonolo
with  the same phonological radical and pronunciation as the stimulus.
frequency, acquisition term, and strokes across the four lex-
ical  conditions and across presentation order (see Table 3).
One  way ANOVAs separately on the ﬁrst characters and
second  characters showed no main effect of condition
for frequency, acquisition term, or strokes. Third, both
phonological and orthographic consistency (Bolger et al.,
2008a)  was matched across congruent and incongruent
conditions, and across the presentation order. 2 conditions
(congruent, incongruent) by 2 presentation order (ﬁrst,
second) ANOVAs revealed no main effects or interactions
for the phonological and orthographic consistency.
2.4. Data collection
All  images were acquired using a 3 T Siemens scanner
at Beijing Normal University. For the functional imaging,
a  susceptibility weighted single-shot EPI (echo planar
imaging) method with BOLD (blood oxygenation level-
dependent) was adopted. The following scan parameters
were used: TR = 2000 ms;  TE = 20 ms;  ﬂip angle = 80; slice
thickness = 3 mm,  gap = 0.48 mm;  number of slices = 32;
FOV  = 220 × 206.25; matrix = 128 × 120 × 32; voxel
size = 1.71875 × 1.71875 × 3.48 mm.  In addition, a high
resolution, T1 weighted 3D image was acquired (MPRAGE,
axial  slices = 160; slice thickness = 1 mm;  FOV = 256 × 256;
matrix = 256 × 256 × 160; voxel size = 1 × 1 × 1 mm;
TR = 2300 ms;  TE = 3.36 ms).
2.5. Data analysis
Data  analysis was performed using SPM5 (Statistical
Parametric Mapping) (http://www.ﬁl.ion.ucl.ac.uk/spm).
Image pre-processing included: slice timing, realign-
ment, co-registration, tissue segmentation, normalization,
and smoothing. Speciﬁcally, the functional images were
corrected for differences in slice-acquisition time to
the  middle slice and were realigned to the ﬁrst volume
in  the scanning session. All the subjects included had
head  movement no larger than the voxel size. Subjects’
functional images were then co-registered with their
corresponding high-resolution structural MRI  images. The
co-registered high-resolution structural MRI  images were
segmented and normalized to a standardized tissue prob-
ability  template (based on Montreal Neurologic Institute
(MNI) stereotactic space; http://www.bic.mni.mcgill.ca).
Using the parameters from the structural MRI  imagetbooks from Grade 1 to Grade 6. Phonological enemies were deﬁned as
nciation to the stimulus and orthographic enemies were deﬁned as the
dicals to the stimulus. Friends were deﬁned as the number of characters
segmentation and normalization, the functional
images were normalized with a resample voxel size
of  2 × 2 × 2 mm and then smoothed with Gaussian ﬁlter of
FWHM  (full width half max) = 4 × 4 × 8 mm.
The  general linear model was  used to estimate con-
dition effects in the semantic task for each subject
using an event-related analysis procedure. Four lexi-
cal  conditions ‘M+S+’, ‘M−S+’, ‘M+S-’, ‘M-S-’, and two
control conditions ‘perceptual’, and ‘null’ were modeled
using a canonical HRF (hemodynamic response func-
tion). For each subject, four contrasts of interest were
computed: incongruent > congruent ([M−S+, M+S−]  vs.
[M+S+, M−S−]), congruent > incongruent ([M+S+, M−S−]
vs.  [M−S+, M+S−]),  incongruent > null ([M−S+, M+S−]
vs. null), and congruent > null ([M+S+, M−S−] vs. null).
Although the null condition does not as effectively con-
trol  for complex visual analysis compared to perceptual
condition, we chose the null rather than the perceptual
conditions as the baseline because the null condition was
exactly  the same for the semantic and phonological tasks.
In  addition, the null condition had higher accuracy and less
variability than perceptual condition (See Section 3.1).
Parameter estimates from contrasts in single sub-
ject models were entered into random-effects analysis.
Parameter estimates from the incongruent > congruent
contrast and from the congruent > incongruent contrast
were entered separately into a one-sample design to test
for  differences within groups and a two-sample design
to  test differences between groups. Because the focus of
the  current paper is the role of morphological informa-
tion in word processing, we mainly report incongruency
(incongruent > congruent) and congruency effects (congru-
ent  > incongruent). First, the incongruency and congruency
effects within TD and RD groups and between groups are
reported. Second, brain activation values are extracted
separately for TD and RD from those regions showing
the group differences in the incongruency or congruency
effects. Regions of interest were deﬁned as the cluster
showing the group differences in the incongruency or con-
gruency  effect. Brain-behavior analyses for those regions of
interest  were used to test for a correlation between brain
activation in the incongruency or congruency effect and
reading  performance separately for each group. The corre-
lation  analyses were conducted separately for each group
because previous studies (Pernet et al., 2009; Phinney et al.,
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etween the two groups, suggesting that dyslexia reﬂects a
ualitative  difference rather than the low end of the reading
bility  distribution.
A  similar procedure as for the semantic task was used
n  the analysis of the phonological task. Four lexical con-
itions  ‘O+P+’, ‘O−P+’, ‘O+P−’, ‘O−P−’, and two control
onditions ‘perceptual’, and ‘null’ were modeled using a
anonical  HRF. For each subject, four contrasts of interest
ere  computed: incongruent > congruent ([O−P+, O+P−]
s.  [O+P+, O−P−]), congruent > incongruent ([O+P+, O−P−]
s.  [O−P+, O+P-]), incongruent > null ([O−P+, O+P−] vs.
ull), and congruent > null ([O+P+, O−P−] vs. null). Param-
ter estimates from contrasts in single subject models
ere entered into random-effects analysis. Parameter esti-
ates  from the incongruent > congruent contrast and from
ongruent > incongruent were entered separately into a
ne-sample design to test for differences within groups and
 two-sample design to test differences between groups.
Because the role of the phonological task is to rule
ut a phonological component from the morphological
rocessing, the anatomical regions showing the group dif-
erences  in the morphological incongruency effect were
sed  as mask for the phonological incongruency effect
nalysis. In addition, region of interest analyses were used
o  examine the role of phonological processing in the areas
howing the group differences in the morphological incon-
ruency  effect. Regions of interest were deﬁned as the
lusters showing group activation differences for the incon-
ruency  or congruency effect in the semantic task.
.  Results
.1. Behavioral resultsTable  4 presents behavioral data for the semantic task. A
 group (TD, RD) by 2 condition (congruent, incongruent)
NOVA with VIQ as covariates was calculated separately
able 4
ean  accuracy and reaction time (and standard deviations) for the lexical and 
eading  disability (RD) groups.
Group Accuracy (%) 
Lexical Control 
Incongruent Congruent Perceptual Null 
TD 78.6  81.5 93.9 97.2 
(16.0)  (11.3) (8.3) (4.2) 
RD 65.2  73.8 92.6 93.4 
(12.3)  (11.5) (8.0) (6.9) 
able 5
ean  accuracy and reaction time (and standard deviations) for the lexical and co
eading  disability (RD) groups.
Group Accuracy (%) 
Lexical Control 
Incongruent Congruent Perceptual Null 
TD 66.4  77.2 96.7 97.2 
(13.5)  (8.5) (5.5) (6.6) 
RD 53.2  66.8 89.90 95 
(7.2)  (9.2) (10.5) (5.7) e Neuroscience 6 (2013) 40– 50 45
on  accuracy and reaction times. Analyses on accuracy
revealed signiﬁcant main effect of group (F(1,25) = 10.701,
p  = 0.003), indicating that the RD group was less accu-
rate. This analysis revealed neither signiﬁcant main effect
of  condition (F(1,25) = 1.024, p = 0.321) nor signiﬁcant
group × condition interaction (F(1,25) = 0.072, p = 0.790).
In  reaction time analyses, values larger or smaller than
3  standard deviations from mean for each subject were
treated as outliers and replaced with the cut-off value.
Analyses on reaction times revealed signiﬁcant main effect
of  condition (F(1,25) = 5.884, p = 0.023), indicating incon-
gruent condition was  slower than congruent condition.
This analysis revealed neither signiﬁcant effect of group
(F(1,25) = 2.366, p = 0.137), nor a group × condition inter-
action (F(1,25) = 0.237, p = 0.631). Univariate analysis of
variance  with VIQ as covariates was  used to test whether
there were group differences for perceptual and null con-
ditions.  No signiﬁcant group differences were found on
accuracy or reaction times for either condition.
Table 5 presents behavioral data for the phonologi-
cal task. A 2 group (TD, RD) by 2 condition (congruent,
incongruent) ANOVA with VIQ as covariates was  calcu-
lated separately on accuracy and reaction times. Analyses
on  accuracy revealed signiﬁcant main effect of group
(F(1,25) = 6.005, p = 0.022), indicating that the RD group
was  less accurate. This analysis revealed neither signiﬁ-
cant  main effect of condition (F(1,25) = 0.254, p = 0.619) nor
a  signiﬁcant group × condition interaction (F(1,25) = 0.618,
p  = 0.439). In the reaction time analyses, values larger or
smaller  than 3 standard deviations from the mean for
each  subject were treated as outliers and replaced with
the  cut-off value. Analyses on reaction times revealed sig-
niﬁcant  main effect of group (F(1,25) = 5.510, p = 0.023)
and  a trend toward signiﬁcant main effect of condition
(F(1,25) = 3.984, p = 0.057), indicating that the TD group and
the  incongruent condition were the slowest. This analy-
sis  revealed no signiﬁcant group × condition interaction
control trials in the semantic task for the typically developing (TD) and
Reaction time (ms)
Lexical Control
Incongruent Congruent Perceptual Null
1261 1177 886 1320
(469) (448) (378) (329)
1280 1138 848 1438
(406) (324) (313) (185)
ntrol trials in the phonological task for the typically developing (TD) and
Reaction Time (ms)
Lexical Control
Incongruent Congruent Perceptual Null
1480 1402 847 1364
(579) (581) (314) (283)
1426 1331 868 1418
(530) (457) (316) (196)
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Table 6
Brain  regions showing incongruency effects (incongruent > congruent)
within the typically developing (TD) and reading disability (RD) groups,
and differences in the congruency effect between groups in the semantic
task.
Regions H BA T Voxels x y z
TD
Inferior frontal gyrus L 9 4.44 61 −38 8 28
Inferior frontal gyrus L 47 4.41 17 −34 30 −10
RD
– – – – – – –
TD–RD
Inferior frontal gyrus L 9 4.01 61 −36 8 26
Inferior frontal gyrus L 47 3.97 14 −36 32 −8
Note: H = hemisphere; L = left; BA = Brodmann’s Areas; x, y, z: Montreal
Neurological Institute (MNI) coordinates. Clusters presented are more
than 10 contiguous voxels surviving a threshold of 0.001 (uncorrected)46 L.  Liu et al. / Developmental 
(F(1,25) = 0.875, p = 0.359). Univariate analysis of variance
with  VIQ as covariates was used to test whether there were
group  differences for perceptual and null conditions. No
signiﬁcant group differences were found on accuracy or
reaction  times for either condition.
3.2. fMRI activation results
We  did not ﬁnd group differences for the contrast
lexical-null in the semantic task, however we found group
differences in left inferior temporal gyrus (x = −50, y = −56,
z  = −18, T = 4.52, voxels = 23) and in right middle occipital
gyrus (x = 42, y = −68, z = −16, T = 4.00, voxels = 10) in this
contrast for the rhyme task at p < 0.001 uncorrected.
Although we did not ﬁnd group differences in brain acti-
vation  for lexical > null contrast, we found signiﬁcant group
difference for incongruent > congruent contrast. Table 6
presents  incongruency effects within each group and the
differences between the typically developing (TD) group
and  reading disabled (RD) group in the semantic task. The
incongruent condition showed greater activation than con-
gruent  condition for the TD group in left inferior frontal
gyrus (BA9 and BA47). No brain regions showed incongru-
ency effects for the RD group. Greater incongruency effects
were  revealed in TD than RD in left inferior frontal gyrus
(BA9  and BA47). To better demonstrate the incongruency
effect, beta values were extracted from those two regions
(BA9  and BA47) for the congruent > null and incongru-
ent > null contrasts for TD and RD separately (see Fig. 2). The
group  differences remain similar when VIQ was partialed
out.  No group differences were revealed in the congruency
(congruent > incongruent) effect.
Fig. 2. Brain regions showing incongruency effect for the typically developing (T
TD  compared to the RD groups in the semantic task. Bar graph demonstrated the 
and  RD in the two brain regions (BA9 and BA47) showing group difference in theor 0.05 (fdr corrected).
To investigate whether the incongruency effect in the
semantic task in the left inferior frontal gyrus (IFG) was
speciﬁc to incongruence between semantic relatedness and
morphemic  overlap, an IFG anatomical mask based on aal
template  was used to investigate the incongruency effect
between orthography and phonology in the phonological
task. No incongruency effect was  revealed in IFG in this
task.  To further investigate this issue, regions of interest
analysis on those two  regions showing the morphological
incongruency effect in the semantic task was conducted
to determine whether there was an incongruency effect
between orthography and phonology in this region for the
phonological task. Beta values were extracted from those
two  regions (BA9 and BA47) for the congruent > null and
D) and reading disability (RD), and greater incongruency effects for the
beta values for the incongruent and congruent condition separately in TD
 incongruency effect.








sig. 3. Incongruency effects in the phonological task. Neither TD nor RD
howed incongruency effect in BA9 or BA47.ncongruent > null contrasts in the phonological task. As
emonstrated in Fig. 3, neither TD nor RD showed an incon-
ruency  effect between orthography and phonology in BA9
nd  BA47.
ig. 4. Correlation of the incongruency effect (incongruent > congruent) in the se
igniﬁcantly  different between TD and RD in BA9 for Character Reading Fluency (e Neuroscience 6 (2013) 40– 50 47
Correlations between brain activation for the incongru-
ency effects in the semantic task and reading performance
were also examined in these two regions of inferior frontal
gyrus  (BA9 and BA47). As demonstrated in Fig. 4, a signiﬁ-
cant  group difference (Z = 3.42, p < 0.001) was only revealed
in  the correlations between CRF and the incongruency
effect in the BA9. Speciﬁcally, RD showed a signiﬁcant neg-
ative  brain-CRF correlation in BA9 (r = −0.770, p = 0.001)
whereas TD showed a trend toward signiﬁcant positive
correlation (r = 0.411, p = 0.144).
4. Discussion
Using fMRI techniques, this study revealed that Chi-
nese children with dyslexia showed a smaller incongruency
effect between semantic relatedness and morphemic over-
lap  in left inferior frontal gyrus (IFG) as compared to
typically developing (TD) children, suggesting children
with reading disability (RD) are less sensitive to the mor-
phological information. Further, the group differences in
left  IFG were speciﬁc to morphological processing because
there  was  no group difference in the incongruency effect
for  a rhyming task that manipulated the overlap between
orthography and phonology. Our study also showed that
the  magnitude of the incongruency effect was modulated
by  reading skill only in the children with dyslexia, with
higher skill being associated with a smaller incongruency
effect, suggesting less reliance on morphological informa-
tion  because of the use of a whole-word strategy.The altered morphological effects for Chinese dyslexic
children in the current study are consistent with previous
behavioral studies suggesting a morphological awareness
deﬁcit in Chinese dyslexic (Chung et al., 2011; Shu et al.,
mantic task with reading performance in TD and RD. Correlations were
CRF). CRM: Character Recognition Measure.
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2006; Wong et al., 2013) and at risk children (McBride-
Chang et al., 2008, 2011). However, our study provides
the ﬁrst neural evidence for a deﬁcit in morphological
processing in Chinese dyslexic children and shows that
the  neural abnormality in Chinese children is not limited
to  the visuo-orthographic and phonological processing
(Meng et al., 2007; Siok et al., 2008, 2009). This study is
also  consistent with several previous studies on dyslexia
in  alphabetic languages that have examined morphologi-
cal processing (Aylward et al., 2003; Casalis et al., 2004;
Egan  and Tainturier, 2011; Leikin and Hagit, 2006; Schiff
and  Raveh, 2007; Schiff et al., 2011). For example, a fMRI
study  (Aylward et al., 2003) reported reduced activation
in  left middle frontal gyrus and several brain regions in
the  right hemisphere in English dyslexic children during
a  morpheme mapping task. In contrast to the brain activa-
tion  data, behavioral measures in the current study failed
to  show a group difference in the morphological incon-
gruency effect, which might be due to large individual
variability and/or the relatively small number of subjects.
This  suggests that even in the absence of a signiﬁcant
behavioral effect, the neural measures sometimes are more
sensitive  in detecting group differences. Indeed, previous
research has suggested that neuroimaging data can provide
additional information beyond behavioral indices (Hoeft
et  al., 2011, 2007b).
The  role of left IFG in morphological processing is
supported by both neuropsychological and neuroimag-
ing studies in alphabetic languages. Neuropsychological
studies on left hemisphere non-ﬂuent patients, typically
with damage to inferior frontal regions, showed impaired
ability in processing inﬂectional morphemes (e.g. -ed in
‘joined’)  (Tyler et al., 2002a,b). Recent neuroimaging stud-
ies  have also supported the role of left IFG in inﬂectional
(Pulvermuller et al., 2006; Tyler et al., 2005a,b) and deriva-
tional  morpheme (e.g. -ness in ‘happiness’) processing
(Bozic et al., 2007; Marangolo et al., 2006). Our study
extends these ﬁndings suggesting that IFG may  be involved
in  the processing of ‘free’ morphemes rather than only
bound morphemes like -ed in ‘joined’ or -ly in ‘bravely’.
Although we propose a morphological deﬁcit hypothesis,
several different ideas have been proposed for the alter-
ation  of left IFG in dyslexics in alphabetic languages. Some
(Hoeft  et al., 2006, 2007a; Shaywitz et al., 1998, 2003)
have reported over-activation in dyslexics in this region
and  argued that this may  reﬂect compensatory reliance
on  effortful pronunciations in word recognition. Others
(Booth et al., 2007; Cao et al., 2006; Georgiewa et al.,
1999) have reported under-activation in dyslexics in this
region  and suggested that this may  reﬂect a dysfunction
in access to lexical and sublexical phonological represen-
tations. In fact, recent meta-analyses suggest that over
activation appears to be more dorsal, whereas underacti-
vation seems to be more ventral in the IFG (Richlan et al.,
2009,  2011). Although our study reported alterations of
the  incongruency effect in both dorsal and ventral IFG, it
is  interesting to note that we found group differences in
the  correlation of character reading ﬂuency with the incon-
gruency  effect only for the more dorsal region, suggesting
a  potential role of output phonology in resolving this con-
ﬂict.e Neuroscience 6 (2013) 40– 50
Our  previous study on Chinese dyslexia (Liu et al., 2012)
reported overall underactivation in left IFG (BA44, peak at
x  = −58, y = 14, z = 20) in the rhyming task, possibly reﬂect-
ing  a deﬁcit in efﬁcient access to lexical phonological
representations. The current study, using about one half
of  the same participants, also showed numerically reduced
activation in left IFG in the rhyming task (BA44, peak at
x  = −60, y = 16, z = 18). The current study, however, found
no  phonological incongruency effect in the rhyming task
in  IFG regions that showed a semantic incongruency effect
(i.e.  BA9 or BA47). It could be that different parts of left
IFG  have different roles. Studies have suggested that the
ventral  part of left IFG is more involved in the seman-
tic processing whereas the dorsal part of left IFG is more
involved in the phonological processing (Devlin et al., 2003;
Fiez,  1997; Poldrack et al., 1999) and that the anterior part
of  the left IFG is more involved in controlled retrieval of
lexical  representations in posterior cortex based on top-
down  information, whereas posterior IFG is more involved
in  the selection between active lexical representations
(Badre et al., 2005; Badre and Wagner, 2007; Cao et al.,
2010).
The  speciﬁcity of the morphological processing deﬁcit
in  Chinese dyslexia shown in the current study is also sup-
ported  by previous behavioral studies (Chung et al., 2011;
Shu  et al., 2006). These studies show that morphological
awareness uniquely predicts Chinese dyslexic children’s
reading performance after controlling for several predic-
tors  including phonological awareness. This ﬁnding is also
consistent  with studies in alphabetic languages (Carlisle,
2000; Singson et al., 2000), which have reported a unique
contribution of morphological awareness to reading after
controlling the effect of phonological abilities.
Morphological deﬁcits in children with dyslexia may
alter  their reading strategies. Our study showed that higher
skill  in children with dyslexia is correlated with a smaller
incongruency effect. We  assumed that the smaller incon-
gruency effect in RD may  be due to that RD may  tend
to  use more whole-word mapping strategy than mor-
pheme decomposing strategy due to their morphological
deﬁcit. Our ﬁndings suggest that Chinese children with
dyslexia may  use a whole-word strategy to compensate
for their poor morphological awareness and those with
greater compensation are able to achieve a better level
of  reading performance. Another possible explanation for
the  negative correlation between the incongruency effect
and  reading skill in RD could be that those RD with better
skill  more effectively engage the reading network when
processing congruent compared to incongruent words
because the formers tends to be easier. This could be
similar to an effect found in a study of English speak-
ing children with RD who showed stronger responses
to consistent compared to inconsistent words (Bolger
et  al., 2008b). Further studies are needed to address this
issue.
Previous studies have suggested that skilled readers
can automatically decompose words into their constituent
morphemes (Feldman et al., 1995; Zhang et al., 2011),
whereas readers with lower skill may  have difﬁculty in
decomposition (Chung et al., 2011; Egan and Tainturier,
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011; Shu et al., 2006; Tsesmeli and Seymour, 2006). Stud-
es  in alphabetic languages have suggested that dyslexics,
ompared to their age- or reading-level controls, have dif-
culty  in parsing a stem morpheme from a word spelling,
.g.  kiss-kissed, ﬁnal-ﬁnally (Egan and Tainturier, 2011;
sesmeli and Seymour, 2006). Previous studies on Chinese
hildren have shown that older children performed bet-
er  than younger children (McBride-Chang et al., 2003)
nd  typically developing children performed better than
yslexic  children (Chung et al., 2011; Shu et al., 2006) in
orpheme parsing using a variety of tasks including iden-
iﬁcation and discrimination. In summary, studies show
hat  higher skill is associated with better morphological
wareness in typical children and that dyslexia is associ-
ted  with deﬁcits in morphological processing. The novel
nding  in our study is that higher reading skill in Chinese
hildren with dyslexia may  be associated with a whole
ord reading strategy because of their deﬁcit in morpho-
ogical processing.
The  present study is, of course, limited in the questions
t can answer about Chinese dyslexia. One limitation is the
ack  of a reading-level matched group. Due to the lack of
his  group, the data cannot address whether the reduced
ctivation in the left inferior frontal gyrus in RD is due to
he  lower reading level or dyslexia per se. Some previous
tudies (Hoeft et al., 2006, 2007a) proposed that a dysfunc-
ion  of frontal regions may  reﬂect compensatory process
o  overcome reading difﬁculty, however in these studies
rontal regions showed a pattern of hyper-activation in RD,
hich  is different from the hypo-activation pattern in RD
emonstrated in the current study. Another limitation of
he  current study is that we only investigated one type
f  morphological processing in Chinese (i.e. word-level).
hether the neural mechanism for character-level mor-
hological processing (i.e. the semantic radical effect) is
imilar  to that for word-level morphological processing
lso needs to be investigated. One recent behavioral study
uggested that word-level and character-level morpholog-
cal  processing may  be different in Chinese children (Liu
t  al., 2010).
To  conclude, the current study suggests that Chi-
ese children with dyslexia have a neural abnormality
n morphological processing. They showed a reduced
ncongruency effect in left inferior frontal gyrus during
 semantic relatedness judgment task as compared to
ypically developing children. The deﬁcit in morphologi-
al processing seems to be independent of orthographic
nd phonological processing, as we did not show dif-
erences in frontal regions for a rhyming task. Finally,
ur results suggest that higher skill in Chinese children
ith dyslexia may  be associated with the use of a com-
ensatory whole-word strategy by ignoring morphemic
nformation. The investigation of the brain basis underlying
he  morphological awareness deﬁcit in Chinese dyslexia
s  helpful in understanding the cause of this disorder,
evealing potential biomarkers to diagnose this disor-
er,  and providing possible brain measures to examine
n  various intervention methods (Shaywitz and Shaywitz,
008). Studies have shown the value of neuroimaging
ata for predicting reading gains (Hoeft et al., 2007b,
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